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Abstract: We study a specific version of SU(2)R × SU(2)L × U(1)B−L models extended
by discrete symmetries where the new physics sector responsible for tiny neutrino masses at
leading order remains decoupled from the new physics sector that can give rise to observ-
able signatures of lepton number violation such as neutrinoless double beta decay. More
specifically, the dominant contribution to light neutrino masses comes from a one-loop Dirac
mass. At higher loop level, a tiny Majorana mass also appears which remains suppressed
by many order of magnitudes in comparison to the Dirac mass. Such a model where the
active neutrinos are predominantly of Dirac type, also predicts observable charged lepton
flavour violation like µ→ 3e, µ→ eγ and multi-component dark matter.
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1 Introduction
In spite of significant development in theoretical as well as experimental frontiers of neutrino
physics, we still do not know whether neutrinos are of Dirac or Majorana type fermions.
The existence of non-zero neutrino masses and their large mixing have been verified again
and again at several neutrino oscillation experiments [1–7] in the last two decades. However,
these experiments remain insensitive to the Dirac or Majorana nature of neutrinos. Apart
from this, they also can not measure the lightest neutrino mass, leaving open the issue
of neutrino mass hierarchy. They can only measure two mass squared differences, three
mixing angles and the leptonic Dirac CP violating phase. For the present status of neutrino
oscillation parameters, one can refer to the recent global fit analysis in [8] and [9]. The fact
that, the standard model (SM) of particle physics can not explain non-zero neutrino masses
and mixing, has invited several beyond standard model (BSM) proposals studied extensively
in the last few decades.
Since Majorana fermions are their own antiparticles, it will indicate lepton number
violation (LNV) in the neutrino sector. This is a typical feature of almost all the BSM
proposals put forward to explain non-zero neutrino mass. More popularly known as seesaw
mechanisms: type I [10]. type II [11, 12] or type III [13], these frameworks can give rise to
tiny neutrino masses of Majorana type by introducing new interactions with LNV through
heavy fields. The same heavy fields can also give rise to new sources of lepton flavour
violation (LFV) in the charged lepton sector. If the scale of these new particles lies around
the TeV corner, the corresponding LNV and LFV contributions should be accessible at the
large hadron collider (LHC) searches [14, 15], future collider searches [16, 17] as well as rare
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decay experiments looking for charged lepton flavour violation like µ− → e−e−e+, µ− →
e−γ [18, 19]. Although observing these processes may probe a particular seesaw mechanism
responsible for Majorana neutrino masses, the most direct probe of the Majorana nature
of light neutrinos is to look for another LNV process called the neutrinoless double beta
decay (0νββ) where a heavier nucleus decays into a lighter one and two electrons (A,Z)→
(A,Z + 2) + 2e− without any (anti) neutrinos in the final state thereby violating lepton
number by two units. For a review on 0νββ, please refer to [20]. With the present 0νββ
experiments like KamLAND-Zen [21, 22], GERDA [23, 24] probing the quasi-degenerate
regime of light neutrino masses, one can expect the next generation experiments to cover
the entire parameter space for 0νββ, at least in the case inverted hierarchical pattern of
light neutrino masses. The current lower limit on the half-life of this rare process from
these two experiments lie in the range of 1025 − 1026 year. The projected sensitivity of the
phase III of KamLAND-Zen is T1/2 > 2× 1026 year after two years of data taking. Similar
goal is also set by the GERDA experiment to reach T1/2 > 1026 year. Another experiment
called EXO-200 whose 2014 limit was T1/2 > 1.6 × 1025 year [25] is now anticipating a
factor of 2-3 increase in sensitivity after 2-3 years of data taking. Similarly, the next stage
of another experiment called CUORE has a projected sensitivity to T1/2 > 9 × 1025 year.
Among the next generation experiments, NEXT-100 has a projected sensitivity of T1/2 >
6×1025 year whereas Super-NEMO experiment aims to reach sensitivity of T1/2 > 1026 year.
Another experiment called Majorana Demonstrator will reach similar sensitivity in three
years. Similarly, AMoRe experiment is expected to achieve a sensitivity of T1/2 > 3× 1026
year. A comprehensive summary of these ongoing and upcoming experimental efforts can
be found in the recent article [26].
The absence of any positive signal at 0νββ experiments does not necessarily rule out
the Majorana nature of light neutrinos. For example, the light neutrino contributions to
0νββ can remain very much suppressed for certain range of parameters if neutrinos obey a
normal hierarchical pattern. The contribution can even be zero, when the ee element of the
Majorana neutrino mass matrix vanishes (To know more about the possible zeros in light
neutrino mass matrix, please refer to [27]). On the other hand, a positive signal at 0νββ
guarantees a non-zero effective Majorana mass for the electron type neutrino according to
the Schechter-Valle theorem [28]. Although one can introduce some cancellations between
different terms leading to a vanishing effective Majorana mass, one can not guarantee such
cancellations to all orders of perturbation theory. In fact, there exists no continuous or
discrete symmetry that can forbid such an effective Majorana mass term to all orders in
perturbation theory [29]. The quantitative impact of the Schechter-Valle theorem was in-
vestigated by the authors of [30] and found that the maximum contribution to effective
Majorana mass of electron type neutrino from a non-zero 0νββ amplitude is of the order of
10−28 eV, way below the scale at which light neutrino masses lie. This leads to a very im-
portant conclusion that the new physics sector responsible for LNV processes like 0νββ may
not be related to the new physics sector responsible for leading order contribution to light
neutrino masses. Although an example of such a scenario appeared in [31], we do not see
much work in particle physics literature pursuing such a possibility. Motivated by this, here
we propose a model where the new physics sector can give rise to observable 0νββ and LNV
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signatures at colliders although the light neutrino mass remains predominantly of Dirac type
with a negligible Majorana type contribution. The model also predicts observable charged
lepton flavour violation, multi-component dark matter and matter-antimatter asymmetry
of the Universe. We constrain the parameter space of the model from the requirement of
satisfying correct neutrino and dark matter data and also predict new signatures at 0νββ
and LFV experiments.
This paper is organised as follows. In section 2, we discuss our model followed by a
discussion on the generation of tiny neutrino mass at one-loop level in section 3. In section
4, we discuss possible new physics contribution to neutrinoless double beta decay and then
discuss charged lepton flavour violation in section 5. We discuss about the possible dark
matter candidates and the standard calculation of dark matter relic abundance in section
6. We briefly comment on the possibility of active-sterile oscillations over astronomical
distances due to tiny pseudo-Dirac splittings in section 7 and finally discuss our results in
section 8.
2 The Model
The model we propose in this work is an extension of the popularly known left-right symmet-
ric models (LRSM) [32, 33] studied extensively in the literature. In these models, the gauge
symmetry of the electroweak theory is extended to SU(3)c×SU(2)L×SU(2)R×U(1)B−L.
The right handed fermions are doublets under SU(2)R similar to the way left handed
fermions transform as doublets under SU(2)L. The requirement of an anomaly free U(1)B−L
makes the presence of right handed neutrinos a necessity rather than a choice. Since the
minimal version of this model predicts Majorana nature of light neutrinos by virtue of the in
built seesaw mechanism, we consider a version of LRSM where the tree level Majorana mass
term for the light neutrinos can be forbidden. One such possibility lies in the LRSM without
the conventional Higgs bidoublet [34, 35] where all the fermions acquire masses through a
universal seesaw mechanism due to the presence of additional heavy fermions. Very recently
this model was also studied in the context of 750 GeV di-photon excess at LHC [36–38] 1 by
several authors [40–43]. As shown recently [44], the heavy fermions introduced to generate
light neutrino masses can have some non-trivial transformations under additional discrete
symmetries such that, a tiny Dirac neutrino mass can be generated at one-loop level through
scotogenic fashion [45]. The scalar fields of SU(2)L and SU(2)R sectors do not necessarily
have the same transformations under the additional discrete symmetries thereby deviating
from the purely left-right symmetric limit of the conventional LRSM.
The particle content of the model is shown in table 1 and 2. In the fermion content
shown in table 1, the doublets are the usual LRSM fermion doublets and the vector like
fermions U,D,E are required for the universal seesaw for charged fermion masses. The
gauge singlet fermions νR, ψ are chosen to generate neutrino masses at one loop order,
similar to the way it was shown in [44] within LRSM and more recently in [101]. Their
transformations under the additional discrete symmetry Z4 × Z4 are chosen in such a way
1It should be noted that the latest updates from the LHC experiments [39] do not confirm their prelim-
inary hints towards this 750 GeV di-photon resonance.
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Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L Z4 × Z4
qL =
(
uL
dL
)
(3, 2, 1, 13) (1, 1)
qR =
(
uR
dR
)
(3, 1, 2, 13) (1, 1)
`L =
(
νL
eL
)
(1, 2, 1,−1) (1, 1)
`R =
(
NR
eR
)
(1, 2, 1,−1) (1, 1)
UL,R (3, 1, 1,
4
3) (1, 1)
DL,R (3, 1, 1,−23) (1, 1)
EL,R (1, 1, 1,−2) (1, 1)
νR (1, 1, 1, 0) (1, i)
ψL,R (1, 1, 1, 0) (i, 1)
Table 1. Fermion Content of the Model
Particles SU(3)c × SU(2)L × SU(2)R × U(1)B−L Z4 × Z4
HL =
(
H+L
H0L
)
(1, 2, 1,−1) (1, 1)
HR =
(
H+R
H0R
)
(1, 1, 2,−1) (1, 1)
ηL =
(
η+L
η0L
)
(1, 2, 1,−1) (−i, 1)
ηR =
(
η+R
η0R
)
(1, 1, 2,−1) (−i,−1)
∆R =
(
δ+R/
√
2 δ++R
δ0R −δ+R/
√
2
)
(1, 1, 3, 2) (1, 1)
∆L =
(
δ+L /
√
2 δ++L
δ0L −δ+L /
√
2
)
(1, 3, 1, 2) (1,−1)
χ1 (1, 1, 1, 0) (−i, i)
χ2 (1, 1, 1, 0) (1, i)
χ3 (1, 1, 1, 0) (−1,−1)
Table 2. Scalar content of the Model
that their Majorana mass terms are forbidden. Among the scalar fields, shown in table 2,
HL,R are needed to break the gauge symmetry all the way down to the SU(3)c × U(1)Q
leading to heavy vector bosons WL,R, ZL,R. The scalar ∆R imparts Majorana mass term to
the neutral fermion of the right handed lepton doublets whereas ∆L does not couple to the
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leptons due to the chosen discrete charges. Both of these scalar triplets however, contribute
to the vector boson masses. The additional scalar doublets ηL,R are there to provide the
dark matter candidates as well as neutrino mass because the left handed doublet ηL goes
inside the one-loop diagram for Dirac neutrino mass as we discuss below. The discrete
charges of ηR are chosen in a way that prevents similar one-loop Dirac neutrino mass
diagram between NR and νR. This is done in order to keep the major source of LNV (In
our model ∆R and NR) decoupled from the source of neutrino mass at leading order. The
two of the three singlet scalars namely, χ1,2 are needed to complete the one-loop neutrino
mass diagram. Although, as such the presence of ∆L, ηR, χ3 may look redundant, they have
non-trivial role to play in dark matter phenomenology as we discuss later.
The Lagrangian for fermions can be written as
L ⊃ YU (qLHLUL + qRHRUR) + YD(qLH†LDL + qRH†RDR) +MUULUR +MDDLDR
+ YE(`LH
†
LEL + `RH
†
RER) +MEELER + Yν`LηLψR +MψψLψR + YrνRχ1ψL
+ fR`
T
R C iσ2∆R`R + h.c. (2.1)
The relevant part of the scalar Lagrangian is
L ⊃ −µ2LH†LHL + λL(H†LHL)2 − µ2RH†RHR + λR(H†RHR)2 + µ2ηLη†LηL + ληL(η†LηL)2
+ µ2ηRη
†
RηR + ληR(η
†
RηR)
2 − µ2∆L∆†L∆L + λ∆L(∆†L∆L)2 − µ2∆R∆†R∆R + λ∆R(∆†R∆R)2
+ µ21χ
†
1χ1 + λ1(χ
†
1χ1)
2 − µ22χ†2χ2 + λ2(χ†2χ2)2 + µ3HRHR∆R + λ3η†LHLχ1χ†2
+ λ4ηLηL∆Lχ3 + µ4χ1χ1χ3 + λ5L,R(H
†i
L,RHL,Ri)(η
†j
L,RηL,Rj) + λ6L,R(H
†i
L,RHL,Rj)(η
†j
L,RηL,Ri)
(2.2)
We denote the vacuum expectation value (vev) acquired by the neutral components of
the fields responsible for spontaneous gauge symmetry breaking as 〈H0L〉 = vL/
√
2, 〈H0R〉 =
vR/
√
2, 〈δ0L〉 = vδL/
√
2, 〈δ0R〉 = vδR/
√
2. The gauge symmetry breaking is achieved as
SU(2)L × SU(2)R × U(1)B−L 〈HR,∆R〉−−−−−−→ SU(2)L × U(1)Y 〈HL〉−−−→U(1)Q
Here we have omitted SU(3)c which remains unbroken throughout the above symmetry
breaking stages. After this symmetry breaking, the electromagnetic charge of the compo-
nents of above fields arise as
Q = T3L + T3R +
B − L
2
(2.3)
These charges are shown as superscripts of different scalar fields in table 2. As a result of
this symmetry breaking, two charged and two neutral vector bosons acquire masses. The
mass matrix squared for charged gauge bosons in the basis W±L ,W
±
R is
M2± =
1
4
(
g2L(v
2
L + 2v
2
δL
) 0
0 g2R(v
2
R + 2v
2
δR
)
)
(2.4)
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Similarly, the neutral gauge boson mass matrix in the basis (WL3,WR3, B) is
M20 =
1
4
 g2L(v2L + 4v2δL) 0 −g1gL(v2L + 4v2δL)0 g2R(v2R + 4v2δR) −g1gR(v2R + 4v2δR)
−g1gL(v2L + 4v2δL) −g1gR(v2R + 4v2δR) g21(v2L + v2R + 4v2δL + 4v2δR)
 (2.5)
Here we have denoted the gauge couplings of SU(2)L, SU(2)R, U(1)B−L gauge groups as
gL, gR, g1. In the left-right symmetric limit, gL = gR. Assuming vδL  vL  vR, vδR and
gL = gR = g, we can write down the vector boson masses as
MWL ≈
gvL
2
, MWR =
g
2
√
v2R + 4v
2
δR
MZL ≈
gvL
2
√
1 +
g21
g2 + g21
, MZR ≈
1
2
√
(g2 + g21)(v
2
R + 4v
2
δR
)
Since there exists no scalar fields simultaneously charged under SU(2)L and SU(2)R (like
the bidoublet scalar in minimal LRSM), here we do not have any tree levelWL−WR mixing.
It should be noted that, the equality of gauge couplings gL = gR is no longer guaranteed
by the in built symmetry of the model. However, we consider it as a benchmark point so
as to apply the conservative lower bounds on the masses of heavy gauge bosons and scalar
particles of the model from the LHC experiment, to be discussed below. Also, the smallness
of the vev of the neutral component of ∆L does not arise naturally in the form of an induced
vev after electroweak symmetry breaking. This is due to the absence of trilinear coupling of
the form HLHL∆L in the model. However, one needs to keep the vev of left triplet scalar
small as the constraints from electroweak ρ parameter restricts it to vδL ≤ 2 GeV [46]. In
the Standard Model, the ρ parameter is unity at tree level, given by
ρ =
M2WL
M2ZL cos
2 θW
where θW is the Weinberg angle. But in the presence of left scalar triplet vev, there arises
additional contribution to the electroweak gauge boson masses which results in a departure
of the ρ parameter from unity at tree level.
ρ =
1 +
2v2δL
v2L
1 +
4v2δL
v2L
Experimental constraints on the ρ parameter ρ = 1.00040± 0.00024 [46] forces one to have
vδL ≤ 2 GeV. Since, this can not be generated as an induced vev (which can be naturally
small), one has to fine tune the quartic couplings and bare mass term of ∆L scalar in order
to generate such a small vev.
The charged fermion masses appear after integrating out the heavy vector like charged
fermions. After integrating out the heavy fermions, the charged fermions of the standard
model develop Yukawa couplings to the scalar doublet HL as follows
yu = YU
vR
MU
Y TU , yd = YD
vR
MD
Y TD , ye = YE
vR
ME
Y TE
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The apparent seesaw then can explain the observed mass hierarchies among the three gener-
ations of charged fermions. The vector-like fermion masses appearing in the above relations
are however, tightly constrained from direct searches. For example, the vector like quark
masses have a lower limit mq ≥ 750 − 920 GeV depending on the particular channel of
decay [47] whereas this bound gets relaxed to mq ≥ 400 GeV [48] for long lived vector
like quarks. These exclusion ranges slightly get changed in the more recent LHC exclusion
results on vector like quarks: mq > 810− 1090 GeV where the vector like quarks decaying
into W bosons and b quarks n the lepton plus jet final state was searched for at 13 TeV
centre of mass energy [49]. Another 13 TeV search for vector like top quarks using final
states of one lepton, at least four jets and large missing transverse momentum puts limit
on vector like top partner masses as mq > 810 − 1130 GeV [50]. Further constraints on
vector like quarks can be found in [51]. The constraints on vector like leptons are much
weaker ml ≥ 114− 176 GeV [52]. These vector like fermions also get constrained from elec-
troweak precision data by virtue of their contributions to the oblique correction parameters
S, T, U [53]. The experimental bound on these oblique parameters [46] can be satisfied if
we consider a conservative upper bound on the mixing of vector like fermions with the SM
fermions as sin θ . 0.1. For the quarks, this will imply
sin θ =
√
mqvR
vLM
. 0.1. (2.6)
where we have considered that θ is the mixing between the SM quark q with mass mq and
the corresponding heavy vector like quark with mass M . In the minimal model with only
HL,R as scalars, we have vL ≈ 246 GeV and vR ≥ 6 TeV, for MWR ≥ 3 TeV. Now, for the
bottom quark as an example, this bound will imply the corresponding vector like quark
mass to be heavier than 10 TeV. Since we have two separate scalar fields contributing to
the right handed gauge boson masses with only one of them contributing to the charged
fermion masses, we can tune vR to a lower value while keeping vδR ≈ 6 TeV for a 3 TeV
WR boson. This will enable us to satisfy the above bound (2.6) without taking the vector
like fermion masses beyond the TeV scale. The neutral fermion NR which is a part of the
right handed lepton doublet `R acquires a Majorana mass term MR = fRvδR . The active
neutrinos νL which are part of left handed lepton doublets `L remain massless along with
singlet neutrinos νR at tree level. However, they acquire a Dirac mass at one loop level as
shown in figure 3 to be discussed in the next section.
Apart from the vector like fermions, the experimental constraints on other particles in
the model, particularly the right handed gauge bosons, triplet scalar and neutral fermion
from right handed lepton doublets should also be taken into account. The right handed
gauge boson masses are primarily constrained from K − K¯ mixing and direct searches at
the LHC. While K−K¯ mixing puts a constraintMWR > 2.5 TeV [54], direct search bounds
depend on the particular channel under study. For example, the dijet resonance search in
ATLAS experiment puts a bound MWR > 2.45 TeV at 95% CL [55] in the gL = gR limit.
On the other hand, the CMS search for same sign dilepton plus dijet pp→ l±l±jj mediated
by heavy right handed neutrinos at 8 TeV centre of mass energy excludes some parameter
space in theM lightesti −MWR plane [56] whereM lightesti is the the mass of the lightest neutral
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fermion from right handed lepton doublets. More recently, the results on dijet searches at
ATLAS experiment at 13 TeV centre of mass energy has excluded heavy W boson masses
below 2.9 TeV [57]. Similarly, the doubly charged scalar (from left scalar triplet) also faces
limits from CMS and ATLAS experiments at LHC:
M∆±± ≥ 445 GeV (409 GeV) for CMS (ATLAS)
These limits have been put by assuming 100% leptonic branching factions [58]. The limits
on doubly charged scalars have been updated recently from 13 TeV data as: M∆±±L ≥
570 GeV,M∆±±R ≥ 420 GeV [59] assuming 100% branching ratio into electrons. For 50%
branching ration into electrons, these limits get slightly relaxedM∆±±L ≥ 530 GeV,M∆±±R ≥
380 GeV [59]. These limits will be relaxed further for lower leptonic branching ratios, like in
the present model, where the left handed doubly charged scalar has no tree level couplings
to the leptons.
There also exists bounds from 0νββ and LFV decay processes µ→ 3e, µ→ eγ on the
masses of heavy neutral fermions Mi as well as triplet scalar masses M∆. Earlier, it was
shown [15] that existing experimental bounds on these decay processes forces triplet masses
to be at least ten times heavier than the heaviest neutral fermion mass Mi/M∆ < 0.1 if
the neutrino mass is generated from either type I or type II seesaw. A more recent work
[60] showed the possibility of lighter triplet scalars Mi/M∆ ≈ 0.5. In a subsequent work
[61], it was shown that one can also have the possibility of Mi/M∆ > 1 if we consider the
new physics contribution to the above-mentioned decay processes within a framework of
equally dominant type I and type II seesaw, earlier studied in this context by [62]. Due to a
different way of generating leading order neutrino mass in the present model, these bounds
may however change as we discuss in the upcoming sections with further details.
νLi ψR ψL νRj
η0L χ1
〈H0L〉 〈χ2〉
Figure 1. One-loop contribution to Dirac neutrino mass
3 Neutrino Masses
The dominant contribution to active neutrino mass comes from the one-loop diagram shown
in figure 3. Similar one loop diagram for Dirac mass was also discussed in [44, 63, 101].
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Following the one loop computation shown in [63, 101], the light neutrino mass can be
written as
(mν)ij = (mν)Rij + (mν)Iij (3.1)
where the two terms on the right hand side with subscript R, I correspond to the contribu-
tion from real and imaginary parts of the internal scalar fields respectively. The complex
scalar fields in the internal lines can be written in terms of their real and imaginary parts
as η0L = (Re(η
0
L) + iIm(η
0
L))/
√
2, χ1 = (Re(χ1) + iIm(χ1))/
√
2. The contribution of the real
sector Re(η0L),Re(χ1) to one loop Dirac neutrino mass can be written as
(mν)Rij =
sin θ1 cos θ1
32pi2
∑
k
(Yν)ik(Yr)kjMψk
(
m2ξ1
m2ξ1 −M2ψk
ln
m2ξ1
M2ψk
− m
2
ξ2
m2ξ2 −M2ψk
ln
m2ξ2
M2ψk
)
(3.2)
where ξ1,2 denote the physical mass eigenstates of the Re(η0L),Re(χ1) sector with a mixing
angle θ1. This mixing angle is related to the mass terms of the scalar potential as well as
to the quartic coupling λ3η
†
LHLχ1χ
†
2 involved in the one loop diagram shown in figure 3 as
tan 2θ1 =
λ3vLu
m2Re(χ1) −m2Re(η0L)
Here vL/
√
2, u/
√
2 are the vev’s of H0L, χ2 respectively. Similar expressions can be written
for the contribution of imaginary components of the internal scalar fields to the neutrino
mass, as discussed in the recent work [101]. Considering the new physics sector to lie around
the TeV scale or equivalently for example, mξ1 = 100 GeV andMψ = 10 TeV, the first term
on the right hand side of the equation (3.2) becomes
(mν)
1
Rij = 1.46× 10−2 sin 2θ1
∑
k
(Yν)ik(Yr)kj GeV
which can remain at the sub-eV scale if
sin 2θ1(Yν)ik(Yr)kj < 10
−8 (3.3)
Which can be easily satisfied by suitable choice of Yukawa couplings as well as quartic
coupling generating the mixing angle θ1.
The active neutrinos, which are part of the left handed lepton doublets `L, acquire
a non-zero Dirac mass through its mixing with singlet neutrinos νR at one loop level,
as discussed above. The neutral fermions NR, part of the right handed lepton doublets
`R acquire non-zero Majorana masses through the vev of the the neutral component of
scalar triplet ∆R. The choice of discrete symmetries prevents the generation of a tree level
Majorana mass term of the active neutrinos, due to the absence of `L − ∆L couplings.
Similarly the choice of singlet scalars in the model, does not give rise to Majorana mass
terms of the left and right handed components of the vector like fermions ψ. On the other
hand, the neutral fermion NR does not mix with νR at one loop level like the way νL and
νR mixes at one loop level. Therefore, upto one loop order, the active neutrinos νL acquire
a tiny Dirac mass only through its mixing with νR. However, νL can acquire a Dirac mass
– 9 –
νL NRl
−
L l
−
R
W+L W
+
R
tL tR
bL bR
Figure 2. Two-loop contribution to Dirac neutrino mass
through mixing with NR at two loop level, as seen from figure 2. The contribution of this
diagram was first computed by [64] 2 and was found to be approximately
MLR ≈ αml−
4pi sin2 θW
θL−RI (3.4)
where I is the loop integration factor (of the order 1− 10) and θL−R is the one loop mixing
between WL,WR given by
θL−R ≈ α
4pi sin2 θW
mbmt
M2WR
(3.5)
Using α = 1/137, sin2 θW ≈ 0.23,mb ≈ 4.2 GeV,mt ≈ 174 GeV,MWR ≈ 3 TeV, we find
θL−R ≈ 2× 10−7. Using this in the expression for Dirac mass we get
MLR ≈ (1− 10)× 5.2× 10−10ml− (3.6)
which, for ml− = me ≈ 0.5 MeV becomes MLR ≈ (1 − 10) × 2.6 × 10−4 eV. On the other
hand, for ml− = mτ ≈ 1.77 GeV, the Dirac mass becomes MLR ≈ (1− 10)× 0.92 eV. Such
a Dirac mass term generates a type I seesaw mass matrix in the (νL, NR) basis, given by
Mν =
(
0 MLR
MTLR MRR
)
, (3.7)
Using the approximation MRR  MLR, the light neutrino mass is given by the type I
seesaw formula
M Iν = −MLRM−1RRMTLR (3.8)
where MRR = fRvδR is the Majorana mass matrix of NR. In this model MLR < 1 eV
as discussed above. Therefore, even if we consider a minimal mass of 1 GeV for NR, the
corresponding Majorana mass term for active neutrinos is of the order of 10−9 eV, around
eight order of magnitudes suppressed compared to the expected mass of around 0.1 eV.
Although we have used the approximate formula for this two loop Dirac mass from [64] for
2Here we note that a more realistic possibility of Dirac neutrino mass through such WL −WR mixing
diagrams was considered very recently by the authors of [65].
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qualitative understanding, we derive the exact formula for numerical analysis. This is given
by
MLR =
αml−
4pi sin2 θW
sin 2θL−R
2
(f(xl,WR)− f(xl,WL)) (3.9)
sin 2θL−R =
2WLR√(
M2WR −M2WL
)2
+ 4W 2LR
WLR =
4piα
sin2 θW
∑
u,d
mumdVu,dV
∗
u,df(xu,d); xi,j =
m2i
m2j
f(xi,j) =
1
16pi2
[
xi,j ln(xi,j) + 1− xi,j
1− xi,j + ln
(
µ2
m2j
)]
Therefore, the active neutrino masses are dominantly of Dirac type with tiny signature of
lepton number violation. However, there can be observable signatures of lepton number
violation through neutrinoless double beta decay as will be discussed below; but the con-
tribution of such lepton number violating physics to Majorana mass of active neutrinos
remain suppressed.
n
n
p
p
WR
WR
∆−−R
eR
eR
n
n
p
p
WR
WR
NR
eR
eR
Figure 3. Leading Contribution to Neutrinoless Double Beta Decay
4 Neutrinoless Double Beta Decay
Although the active neutrino masses are dominantly of Dirac type, the model discussed
above can still give rise to lepton number violating processes due to the presence of ad-
ditional gauge bosons and heavy Majorana fermions. The leading contributions to 0νββ
process is shown in terms of the Feynman diagrams in figure 3. The WL mediated dia-
grams will be suppressed by the tiny Majorana masses of the left handed neutrinos. The
mixed WL −WR diagrams are also suppressed due to the tiny mixing between νL and NR.
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Figure 4. Half-life of 0νββ as a function of r = MNM∆ , the ratio of the masses of heavy neutrino and
that of the doubly charged scalar from the triplet ∆R. The chosen parameters are MWR = 3 TeV,
MN ∈ 1− 6000 GeV, M∆±±R ∈ 420− 6000 GeV.
The first diagram in figure 3 correspond to the triplet scalar ∆R mediated process whose
contribution to the 0νββ amplitude is given by
AR∆ ∝ G2F
(
MWL
MWR
)4∑
i
V 2eiMi
M2
∆−−R
(4.1)
where V is approximately equal to the diagonalising matrix of the heavy neutrino mass
matrix MRR and Mi are the mass eigenvalues of MRR. The left-handed counterpart of this
process where WR,∆R are replaced by WL,∆L does not exist in this particular model. The
contribution from the heavy neutrino andWR exchange (second Feynman diagram in figure
3) can be written as
ANRR ∝ G2F
(
MWL
MWR
)4∑
i
V ∗2ei
Mi
(4.2)
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Figure 5. Allowed Parameter space in heavy neutrino versus ∆±±R mass from KamLAND-Zen
bound on 0νββ half-life and LHC bound on ∆±±R mass. The mass of WR boson is varied in the
range MWR ∈ 3− 100 TeV.
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Figure 6. Allowed Parameter space in heavy gauge boson mass MWR versus r =
MN
M∆
, the ratio
of the masses of heavy neutrino and that of the doubly charged scalar ∆±±R from KamLAND-Zen
bound on 0νββ half-life and LHC bound on ∆±±R mass. The relevant masses are varied in the
ranges: MWR ∈ 3− 100 TeV, MN ∈ 1− 2× 105 GeV, M∆±±R ∈ 420− 2× 10
5 GeV.
– 13 –
Combining these two dominant contributions, the half-life of 0νββ process can be written
as
1
T 0ν1/2
= G0ν01
(
|M0νN (ηRN + η∆R)|2
)
(4.3)
where
ηRN = mp
(
MWL
MWR
)4∑
i
V ∗2ei
Mi
, η∆R = mp
(
MWL
MWR
)4∑
i
V 2eiMi
M2
∆−−R
Here mp is the proton mass andM are nuclear matrix elements (NME) whereas G0ν01 is the
phase space factor. The numerical values of NME and the phase space factor are shown
in table 3 for different nuclei. Here, we consider a general structure of V , vary the masses
heavy neutrinos from 1 GeV to vR ∼ vδR ∼ 6 TeV while keeping ∆±±R mass in the 420
GeV to 6 TeV range, and plot T 0ν1/2 as a function of r = mN/m∆, the ratio between the
heaviest among the heavy neutrinos and the doubly charged scalar mass. For equal left-
right gauge couplings gL = gR, this corresponds to MWR ≈ 3 TeV. The variation of half-life
is shown in figure 4. The resulting half-life is then compared against the latest experimental
bounds. For example, the recent bound from the KamLAND-Zen experiment constrains
0νββ half-life [22]
T 0ν1/2(Xe136) > 1.1× 1026 yr
Similarly, the GERDA experiment has also reported a slight improvement over their earlier
estimates and reported the half-life to be [24]
T 0ν1/2(Ge76) > 4.0× 1025 yr (4.4)
It can be seen from the plot in figure 4 that the latest experimental bounds still allow
r ∼ 1 − 2. The sharp cut near r ∼ 1 − 2 results from including the LHC lower bound on
∆±±R mass ( 420 GeV). To see the allowed parameter space more clearly, we also show the
doubly charged scalar mass m∆±±R versus heavy neutrino mass mNR allowed from 0νββ and
LHC limits in figure 5. Similar allowed parameter space is shown for MWR against r =
MN
M∆
in figure 6.
Isotope G0ν01 (yr−1) M0νN
Ge− 76 5.77× 10−15 233− 412
Xe− 136 3.56× 10−14 164− 172
Table 3. Values of phase space factor and nuclear matrix elements used in the analysis.
As mentioned earlier, the Schechter-Valle theorem [28] implies that any non-zero am-
plitude of 0νββ induces a non-zero effective Majorana mass to the electron type neutrino,
irrespective of the underlying mechanism behind the 0νββ process. The lowest possible
order such a mass term can arise is through the four loop diagram shown in figure 7 which
was computed by [30]. The blob in the Feynman diagram shown in figure 7 indicates the
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Figure 7. Four loop contribution to the Majorana mass of light neutrinos through the Butterfly
diagram.
absence of any a priori knowledge about the underlying mechanism responsible for 0νββ.
Depending on the underlying mechanism, the helicities of the quarks and electrons will
also be different. However, to complete the four loop diagram with two left handed neu-
trinos in the external fermion legs, one must incorporate the standard left-handed gauge
interactions, as shown in figure 7. In case the charged fermions taking part in 0νββ are of
opposite helicities (like in the present model, where the quarks and electrons taking part in
0νββ are right handed), necessary mass insertions should be made to make them couple to
WL bosons. The authors in [30] showed all possible Lorentz invariant operators that can
contribute to 0νββ and showed that one such operator contributes a maximum of
δM eeν ≈ (0.74− 5)× 10−28 eV
to the Majorana mass of electro type neutrino. It was referred to as "maximum" contribu-
tion because the upper limit on 0νββ amplitude from latest experiments was incorporated.
Thus, it does not conflict with the validity of the Schechter-Valle theorem which guarantees
a minimum non-zero contribution to the Majorana mass of electron type neutrino, if there
is a non-zero 0νββ amplitude. This confirms the qualitative validity of the Schechter-Valle
theorem, though the calculated Majorana mass term is way too small compared to the
neutrino mass squared differences. Although in our model, we know the helicities of the
charged fermions taking part in 0νββ, we do not calculate the Majorana mass term induced
by this decay at four or higher loop orders, as we already have a more dominant contri-
bution to neutrino Majorana mass terms through type I seesaw discussed above. Since all
Majorana type contribution to light neutrino masses are highly suppressed in this model,
the light neutrinos remain predominantly Dirac in spite of observable lepton number vio-
lation through 0νββ. Quantitatively, we show the difference between effective Majorana
mass appearing in 0νββ and Type I seesaw contribution to the Majorana mass of electron
type neutrino in the plot shown in figure 8. The effective Majorana mass corresponding to
the two major contributions to the 0νββ is
meffNR+∆R = |meffNR +meff∆R
∣∣
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Figure 8. Effective Majorana mass responsible for 0νββ versus Majorana mass of electron type
neutrino originating from type I seesaw. The values ofmeff satisfy the latest experimental bounds on
0νββ half-life. The relevant masses are varied in the ranges: MWR ∈ 3−100 TeV,MN ∈ 1−2×105
GeV, M∆±±R ∈ 420− 2× 10
5 GeV.
where
meffNR = p
2
M4WL
M4WR
V ∗2ei
Mi
, meff∆R = p
2 1
M4WR
V 2ReiMi
M2∆R
with p ∼ 100 MeV being the typical momentum exchange of the process. It is clear from the
figure 8 that the effective Majorana mass for 0νββ can be within the current experimental
sensitivity while the Majorana mass of light neutrinos remain many order of magnitudes
smaller than observed neutrino masses.
5 Charged Lepton Flavour Violation
Charged lepton flavour violating processes which remain suppressed in the SM, could get
significantly enhanced in the presence of BSM physics around the TeV corner and can be
probed at ongoing or near future experiments. Here we consider the new physics contribu-
tions to µ→ eγ as well as µ→ 3e mediated by charged scalars, right handed vector boson
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Figure 9. New physics contribution to LFV decays
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Figure 10. New physics contribution to LFV decays
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Figure 11. Branching ratio for µ → 3e, µ → eγ as a function of r = MNM∆ , the ratio of the masses
of heavy neutrino and that of the doubly charged scalar from the triplet ∆R. The relevant masses
are varied in the ranges: MWR ∈ 3− 100 TeV, MN ∈ 1− 2× 105 GeV, M∆±±R ∈ 420− 2× 10
5 GeV.
WR and heavy fermions NR as seen from the Feynman diagrams shown in figure 9 and
10. The latest bound from the MEG collaboration is BR(µ → eγ) < 4.2 × 10−13 at 90%
confidence level [18]. Similarly, the SINDRUM collaboration has put bound on the other
LFV decay process BR(µ→ 3e) < 1.0× 10−12 [19]. The contribution from the diagrams in
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Figure 12. Contribution from the charged component of the left handed scalar doublet ηL to the
µ→ eγ decay assuming Y µν = Y eν = Y,mψ = 10mηL .
figure 9 to µ→ eγ is given by [66]
BR(µ→ eγ) = 3αem
2pi
(|GγR|2) (5.1)
where αem = e2/4pi and the form factors G
γ
R are given by
GγR =
3∑
i=1
(
(V )µi(V )
∗
ei
[
M2WL
M2WR
Gγ1(yi) +
2yi
3
M2WL
M2
∆++R
])
(5.2)
In the above expressions yi ≡ (Mi/MWR)2. The loop functions Gγ1 are given by
Gγ1(a) = −
2a3 + 5a2 − a
4(1− a)3 −
3a3
2(1− a)4 ln a
On the other hand, the first diagram in figure 10 contributes to the decay width of µ→ eγ
as
Γ(µ→ eγ) = Y
2
ν Y
2
r
(
m2µ −m2e
)3
(m2µ +m
2
e)
4096pi5m3µm
4
η−L
[(
(t− 1)(t(2t+ 5)− 1) + 6t2 ln t)2
144(t− 1)8
]
(5.3)
where t = m2ψi/m
2
η−L
. The corresponding branching ratio can be found by
BR(µ→ eγ) ≈ Γ(µ→ eγ)
Γµ
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where Γµ ≈ 2.996× 10−19 GeV denotes the total decay width of muon.
The second diagram shown in figure 10 contributes to the LFV process µ→ 3emediated
by doubly charged boson ∆++R as [67]
BR(µ→ 3e) = 1
2
|hµeh∗ee|2
 M4WL
M4
∆++R
 (5.4)
where the couplings h are given by
hij =
∑
n
(V )ni (V )nj
√(
Mi
MWR
)2
(5.5)
Since the heavy neutrino mass matrix MRR is not related to the leading order light neu-
trino mass, we can parametrise it independently as MRR = VM
(diag)
RR V
T . Here M (diag)RR =
diag(M1,M2,M3) is the diagonal light neutrino mass matrix. The 3 × 3 mixing matrix V
can be parametrised in a way similar to the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
leptonic mixing matrix in terms of three mixing angles (φij ; i, j = 1, 2, 3) and three phases
(δ, α, β). We show the new physics contribution to these LFV decays as a function of
r = mN/m∆ in figure 11. It can be seen that the latest experimental bounds still allows
large values of r beyond the ones allowed by the constraints from 0νββ experiments. We
also calculate the contribution from ηL mediated diagram in figure 10 to µ→ eγ by assum-
ing Y µν = Y eν = Y,mψ = 10mηL . The region of parameter space satisfying the latest MEG
bound [18] is shown in figure 12. We choose a heavier ψ than ηL as we intend to discuss
scalar dark matter in the next section. Moreover, a heavy Dirac fermion ψ mediating such
loop diagrams can also give rise to Dirac leptogenesis as discussed recently by [101].
6 Dark Matter
Several astrophysical and cosmological evidences suggest the presence of dark matter (DM)
in our Universe. The latest data collected by the Planck experiment suggests around 26%
of the present Universe’s energy density being made up of dark matter [68]. Their estimate
can also be expressed in terms of density parameter Ω as
ΩDMh
2 = 0.1187± 0.0017 (6.1)
where h = (Hubble Parameter)/100 is a parameter of order unity. According to the list
of criteria, a dark matter candidate must fulfil [69], none of the SM particles can qualify
for it. Interestingly, the model we are studying in this work, provides several dark matter
candidates. The dark matter in the model is in fact, a combination of scotogenic dark matter
[45] and minimal left-right dark matter (MLRDM) formalism [70, 71]. In the scotogenic
scenario, the lightest particle in the internal lines of the one loop diagram for neutrino mass
is a stable dark matter candidate. In our model, the list of such particles include η0L, ψ, χ1.
Here we consider the η0L as DM due to the better detection prospects by virtue of its gauge
interactions. On the other hand, in the MLRDM formalism, stable dark matter candidates
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arise accidentally due to the appropriate choices of their SU(2) dimensions, in the spirit of
minimal dark matter framework [72–74]. This includes η0L, η
0
R in our model. This scenario
was in fact studied in [71] where a pair of scalar doublets ηL,R were added to the minimal
LRSM. However, in minimal LRSM, there exists a coupling ηTLΦηR with Φ being the scalar
bidoublet. This leads to the decay of the heavier DM into the lighter one and SM fermions
mediated by the Higgs. In the present model, the chosen discrete symmetries do not allow
any renormalisable coupling between ηL and ηR leading to the tantalising possibility of
multi-component DM where both of them can contribute to the total dark matter relic
abundance. Unlike in [70, 71], it is not stabilised by the Z2 = (−1)B−L subgroup of the
U(1)B−L gauge group as it is broken already by the vev of the neutral components of the
scalar doublets HL,R which are odd under this Z2 symmetry. The dark matter candidates in
our model are stable accidentally due to absence of renormlisable operator leading to their
decay, similar to the minimal dark matter formalism. If we consider higher dimensional
operators, it is possible to generate decay diagrams responsible for dark matter decay. For
example, dimension five operators like (ηLηRH
†
LH
†
Rχ3)/Λ can lead to heavier dark matter
(say η0R) decay into the lighter one (η
0
L). Similarly, the lighter dark matter can also decay
through higher dimensional operators like (η†LHLχ2)
2χ3/Λ
3, (ηLHL∆Lχ2)
2χ3/Λ
5 and so
on. Constraints on dark matter lifetime will put lower limits on this cut-off scale Λ, details
of which can be found elsewhere.
The relic abundance calculation of scalar doublet DM η0L,R is similar to that of inert
doublet model (IDM) studied extensively in the literature [45, 75–81, 101]. However, their
individual contributions to total DM abundance is different due to their different gauge
interactions. The authors of [71] considered only the gauge interactions of η0L and η
0
R such
that both of them can be stable and their relic abundances can be calculated independently,
in the absence of zero left-right mixing. They showed that for MWR = 2 TeV, only mη0L =
mη0R
≈ 150 GeV satisfies the total DM relic abundance constraint. However, if we turn
on other interactions, then more allowed parameter space should come out. In this work,
we consider the interactions of η0L with the Higgs boson whereas restrict the dominant
interactions of η0R to the gauge sector only. The present model allows both η
0
L, η
0
R to be
stable even if we turn on all possible interactions, which was not the case in minimal LRSM
discussed by [71]. For simplicity, we keep the η0R-Higgs interaction is almost switched off in
order to keep the relic abundance calculations of two DM candidates independent of each
other. This will become clear from the following discussion.
The relic abundance of a DM particle is calculated by solving the Boltzmann equation
dnχ
dt
+ 3Hnχ = −〈σv〉(n2χ − (neqbχ )2) (6.2)
where nχ is the dark matter number density and n
eqb
χ is the corresponding equilibrium
number density. H is the Hubble expansion rate of the Universe and 〈σv〉 is the thermally
averaged annihilation cross section of the dark matter particle χ. In terms of partial wave
expansion 〈σv〉 = a+bv2. Clearly, in the case of thermal equilibrium nχ = neqbχ , the number
density is decreasing only by the expansion rate H of the Universe. The approximate
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analytical solution of the above Boltzmann equation gives [82, 83]
Ωχh
2 ≈ 1.04× 10
9xF
MPl
√
g∗(a+ 3b/xF )
(6.3)
where xF = mχ/TF , TF is the freeze-out temperature, g∗ is the number of relativistic
degrees of freedom at the time of freeze-out and MPl ≈ 1019 GeV is the Planck mass. Here,
xF can be calculated from the iterative relation
xF = ln
0.038gMPlmχ < σv >
g
1/2
∗ x
1/2
F
(6.4)
The thermal averaged annihilation cross section 〈σv〉 is given by [84]
〈σv〉 = 1
8m4χTK
2
2 (mχ/T )
∫ ∞
4m2χ
σ(s− 4m2χ)
√
sK1(
√
s/T )ds (6.5)
where Ki’s are modified Bessel functions of order i, mχ is the mass of Dark Matter particle
and T is the temperature. In the presence of multiple DM candidates, we have multiple
Boltzmann equations similar to the one in (6.2). Usually, these multiple Boltzmann equa-
tions are coupled due to the fact that one DM candidate can self-annihilate into another
and vice versa. However, if we turn off the interactions mediating different DM candidates,
then these equations become decoupled and hence can be solved independently. We keep
them decoupled in our work simply by assuming negligible η0R-Higgs couplings and quartic
couplings between ηL, ηR. These couplings can not be forbidden by the underlying discrete
symmetries. Since the left-right mixing is also negligible (vanishing at tree level), there
exists no annihilation channels of η0R type DM to η
0
L and vice versa. The couplings be-
tween ηL,R and the Higgs also help in splitting the masses between charged and neutral
components of the scalar doublets. This can occur through scalar interactions like this
L ⊃ λ5L,R(H†iL,RHL,Ri)(η†jL,RηL,Rj) + λ6L,R(H†iL,RHL,Rj)(η†jL,RηL,Ri) (6.6)
This along with the parts of scalar Lagrangian given in equation (2.2) gives us the physical
masses of ηL,R components at tree level. They are given by
m2ηLs = µ
2
ηL
+
1
2
(λ5Lv
2
L + λ6Lv
2
L + λ4vδLu3)
m2ηLp = µ
2
ηL
+
1
2
(λ5Lv
2
L + λ6Lv
2
L − λ4vδLu3)
m2
η±L
= µ2ηL +
1
2
λ5Lv
2
L
m2ηRs = m
2
ηRp
= µ2ηR +
1
2
(λ5Rv
2
R + λ6Rv
2
R)
m2
η±R
= µ2ηR +
1
2
λ5Rv
2
R (6.7)
where we are ignoring the possible quartic couplings between L and R sectors. It can be
seen that the neutral scalar and pseudoscalar of ηL acquire a tree level mass split due to the
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vev of ∆L, χ3. Similarly there is a mass splitting between charged and neutral component
making sure that the neutral component can be lighter and hence a dark matter candidate.
The scalar and pseudoscalar components of ηR however remains degenerate at tree level.
The relic abundance of η0L is calculated in a way similar to the IDM. Since this is a
complex field, one can write it as η0L = (η
0
Ls + iη
0
Lp)/
√
2. From the scalar Lagrangian (2.2),
(6.6), it can be seen that the real and imaginary components of η0L have a mass degeneracy
in the absence of the triplet scalar ∆L. Due to the quartic term λ4ηLηL∆Lχ3, non-zero
vev’s of the neutral component of ∆L and χ3 break the mass degeneracy of η0Ls,Lp. This
is necessary to evade large inelastic DM-nucleon scattering at direct detection experiments
due to η0Ls,Lp − ZL couplings. Taking the typical kinetic energy of a dark matter particle
to be approximately 100 keV, one can obtain the constraint on the mass splitting as
|m2ηLp −m2ηLs | = 2λ4〈χ3〉vδL > (mηLp +mηLs)× 100 keV (6.8)
Considering the maximum possible value of vδL(∼ 2 GeV) allowed by the constraints on
the ρ parameter discussed earlier, we get the following constraint
λ4〈χ3〉 > (mηLp +mηLs)× 2.5× 10−5 GeV (6.9)
which can be achieved naturally for the region of parameter space discussed in this work. A
large mass splitting also makes the effects of coannihilation between different components
of the ηL doublet negligible. On the other hand, there is no such term in the Lagrangian
that can lift the mass degeneracy between scalar and pseudoscalar parts of η0R DM. This
is however, not as problematic as having a degeneracy in the η0L case, as the corresponding
neutral boson ZR is much heavier to suppress the inelastic DM-nucleon scattering. In the
absence of non-gauge interactions of ηR, the mass splitting between the charged and neutral
components of ηR also remain zero, at least at tree level. At one loop level however, there
arises a mass splitting between η±R and η
0
R given in [71] as
MQ −M0 = M
16pi2
(∑
V
g2V,0g(rV )−
∑
V
g2V,Qg(rV )
)
(6.10)
gV,X is the vector boson coupling to the scalar and the loop function g(r) is given by
g(r) = −5− r
4
(
2r3 log r + (r2 − 4)3/2 log r
2 − 2− r√r2 − 4
2
)
with rV = MV /M . Here MV is the mass of the vector boson and M is the tree level
degenerate mass of the ηR components. To avoid the issue of divergence of renormalisibility
involved in such loop corrections, here we simply assume a tree level mass splitting of 1
GeV between mηR and mη±R . From the tree level masses given in equation (6.7), it can be
seen that such a mass splitting can arise by appropriately choosing the quartic coupling
λ6R. Since vR is large, of TeV order, even a tiny λ6R can generate such a splitting, without
introducing any new dominant annihilation channels of ηR dark matter. For such mass
splittings, coannihilation effects may be important while calculating the relic abundance of
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Figure 13. Relic abundance of the lightest neutral components of ηL and ηR scalar doublets.
The lightest neutral component of ηL is considered to have mass below 80 GeV and annihilating
primarily through the Higgs into the SM fermions. The components of ηR are assumed to have
gauge interactions only, mediated by WR, ZR bosons.
η0R DM. Such effects were studied by several groups in [85, 86]. Here we incorporate the
effects of coannihilation in relic abundance calculations, following the framework given by
[85].
We first show the relic abundance of both ηL and ηR dark matter as a function of their
masses in figure 13. We consider both gauge and scalar interactions for ηL dark matter.
The dominant scalar interactions are the ones through Higgs mediated diagrams and the
interaction is parametrised in terms of λ ≈ λ5L + λ6L. For different values of λ, the ηL
contribution to relic abundance changes in the low mass regime mηL < MWL . Above this
mass threshold however, the gauge interactions dominate and hence the difference in the
DM-Higgs interactions become insignificant, as can be seen from figure 13. The resonance
region corresponds tomηL = mh/2. The mass splittings between scalar-pseudoscalar as well
as charged-neutral scalars are assumed to be high enough so that coannihilations among
them are not relevant in case of ηL dark matter. For ηR dark matter, we consider only
gauge interactions and calculate the relic abundance for MWR = 3 TeV. The two differ-
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Figure 14. Relative contribution of the two dark matter candidates: the lightest neutral compo-
nents of ηL and ηR respectively to the total dark matter relic abundance in agreement with the
range given by the Planck experiment (6.1). The left and right scalar dark matter masses are varied
in the ranges 10-80 GeV and 10-10000 GeV respectively.
ent resonance regions correspond to mηR = MWR/2,MZR/2 arising due to coannihilations
among charged, neutral scalar and neutral pseudoscalar components of ηR. Our results
approximately agree with the ones previously obtained by [71] considering only gauge in-
teractions for both ηL and ηR. We also show the individual contribution of ηL and ηR to
dark matter relic abundance in figure 14 such that the total relic abundance agrees with
the limit from the Planck experiment (6.1). The corresponding masses of ηL and ηR dark
matter are shown in figure 15 such that the sum of their abundances satisfies the Planck
limit.
There also exists bounds from dark matter direct detection experiments like Xenon100
[87] and LUX [88, 89] on the allowed parameter space from relic abundance criteria alone.
Since, the right scalar dark matter has only heavy right handed gauge boson interactions and
the corresponding mass splitting between different components of the right scalar doublet is
assumed to be 1 GeV, there is no tree level dark matter nucleon scattering. However, there
can be tree level scattering processes of left scalar dark matter ηL with nucleons mediated by
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Figure 15. Masses of the two dark matter components: the lightest neutral components of ηL and
ηR respectively, when total relic abundance falls within the range given by the Planck experiment
(6.1)
the standard model Higgs. The relevant spin independent scattering cross section mediated
by SM Higgs is given as [75]
σSI =
λ2f2
4pi
µ2m2n
m4hm
2
ηL
(6.11)
where µ = mnmηL/(mn+mηL) is the ηL-nucleon reduced mass and λ is the quartic coupling
involved in ηL-Higgs interaction which was assumed to take specific values in the relic
abundance plot shown in figure 13. A recent estimate of the Higgs-nucleon coupling f gives
f = 0.32 [90] although the full range of allowed values is f = 0.26 − 0.63 [91]. The latest
LUX bound [89] on σSI constrains the ηL-Higgs coupling λ significantly, if ηL gives rise to
most of the dark matter in the Universe. According to this latest bound, at a dark matter
mass of 50 GeV, dark matter nucleon scattering cross sections above 1.1 × 10−46 cm2 are
excluded at 90% confidence level. Similar but slightly weaker bound has been reported by
the PandaX-II experiment recently [92]. We however include only the LUX bound in our
analysis. One can also constrain the ηL-Higgs coupling λ from the latest LHC constraint
on the invisible decay width of the SM Higgs boson. This constraint is applicable only for
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dark matter mass mηL < mh/2. The invisible decay width is given by
Γ(h→ Invisible) = λ
2v2
64pimh
√
1− 4m2ηL/m2h (6.12)
The latest ATLAS constraint on invisible Higgs decay is [93]
BR(h→ Invisible) = Γ(h→ Invisible)
Γ(h→ Invisible) + Γ(h→ SM) < 22%
These two constraints on ηL-Higgs coupling are shown in figure 16 where it is assumed that
the left scalar dark matter gives rise to all the dark matter in the Universe. The LUX
bound incorporated here corresponds to the most conservative one, where we considered
the minimum allowed DM-nucleon cross section from [89]. It can be seen that the latest
LHC bound is weaker compared to the LUX bound. Incorporating all these experimental
constraints makes it clear that, if entire dark matter is in the form of ηL and it has mass
below WL mass, then only a small region around mh/2 ≈ 62.5 GeV is allowed. This tight
constraint on ηL mass will become weaker, if ηR also contributes substantially to dark
matter in the Universe.
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Figure 16. Constraint on ηL-Higgs coupling and ηL mass from Planck, LUX and LHC bounds
on relic abundance, direct detection cross section and invisible Higgs decay width respectively. ηL
is assumed to give rise to all the dark matter in the Universe. The thickness of the LUX bound
corresponds to the uncertainties in the Higgs-nucleon coupling.
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7 Active-Sterile Oscillation
As discussed above, the light neutrinos are predominantly of Dirac type with a tiny Majo-
rana component, leading to the scenario of pseudo-Dirac neutrinos. After integrating out
the heavy neutrinos NR, the light neutrino mass matrix in the basis (νR, νL) can be written
as
Mlight =
(
0 mLR
mTLR mLL
)
(7.1)
where mLR ≤ 0.1 eV is the one-loop Dirac neutrino mass through the Feynman diagram
shown in figure 2 andmLL ≤ 10−13 eV is the Majorana mass of left handed neutrinos arising
from type I seesaw, whose numerical values are shown in the figure 8. Since mLR  mLL,
the mass squared difference between two mass eigenstates of the above mass matrix (in
one flavour scenario) is ∆m221 ≈ 2mLRmLL ≤ 10−14 eV2. Such tiny pseudo-Dirac splittings
can be probed using ultra high energy neutrinos at experiments like IceCube at south pole
[94–98]. However, the usual active neutrino oscillation phenomenology remain unchanged
for such tiny mass splitting. For astrophysical neutrinos travelling over large distances like
L ∼ 1 Gpc having energy of the order of PeV, one can probe pseudo-Dirac splitting of the
order of 10−16 − 10−15 eV2 [98] which lies in the allowed ranges in our model. The authors
of [98] also pointed out recently that precise future measurement of track-to-shower ratio at
next generation IceCube detectors should be able to test such tiny pseudo-Dirac splittings
conclusively.
8 Results and Conclusion
We have studied an extension of the minimal left-right symmetric model where the charged
fermions acquire masses through a universal seesaw mechanism, due to the presence of
additional heavy vector like fermions. The active neutrinos with the usual SU(2)L gauge
interactions acquire a Dirac mass at one loop level in a scotogenic fashion, such that the
lightest among the particles going inside the loop can be a stable dark matter candidate.
The particle content of the model augmented by discrete symmetries are chosen in such
a way that the active neutrinos form a Dirac fermion ψ = (νL νR)T with νL having
SU(2)L interactions and νR being gauge singlets. The neutral fermion of SU(2)R lepton
doublets however, acquire a heavy Majorana mass from the scalar fields responsible for
spontaneous symmetry breaking of LRSM gauge symmetry into the SM one. These heavy
neutrino fermions as well as the scalars responsible for their Majorana masses can give
rise to observable lepton number violation like neutrinoless double beta decay if the heavy
particles are in the TeV region. This non-zero amplitude of 0νββ can then generate a
tiny Majorana mass of active neutrinos at least at four loop order in accordance with
the validity of the Schechter-Valle theorem. We show that, we have a more dominant
contribution to the Majorana mass of active neutrinos at two loop order, but that too lies
way below the dominant one-loop Dirac mass. Therefore, even for dominantly Dirac nature
of active neutrinos, one can realise observable 0νββ. This scenario is very different from
the conventional seesaw models where neutrinos are dominantly Majorana and consequently
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one can have observable 0νββ both from light neutrinos as well as the new physics sector.
Although the Schechter-Valle theorem is still valid, this model gives an explicit example
showing that the new physics sector responsible for dominant contribution to light neutrino
masses and 0νββ can be disconnected. Though, the light neutrinos are still Majorana (or
pseudo-Dirac), their Majorana masses remain suppressed by several order of magnitudes
compared to their Dirac masses. Another complementary probe of dominantly Dirac active
neutrinos in the presence of observable 0νββ can be provided by cosmology experiments
that can distinguish between Dirac and Majorana nature of relic neutrinos [99].
After discussing the main motivation of the work, we then study the other interesting
phenomenology the model provides us with: charged lepton flavour violation and multi-
particle dark matter, in particular. We show, how the new physics sector can give rise to
observable charged lepton flavour violation like µ → eγ, µ → 3e. We also show that the
present model allows lighter values of triplet scalar mass even after incorporating the latest
bounds on LFV decays as well as 0νββ half-life. By lighter values we mean the values in
comparison to previously obtained results. For example, within the minimal LRSM, it was
earlier shown that [15] the triplet scalar mass should be at least ten times heavier than the
heaviest neutral lepton. This was subsequently shown to be at least two times [60] and
even equal [61]. Here, we have shown that the scalar triplet can even be ten times lighter
than the heaviest neutral lepton. We finally consider the interesting dark matter sector in
the model, which simultaneously allow one left and one right scalar doublets to be stable
dark matter candidates, a feature which is not there in the minimal LRSM augmented by
two scalar doublets. For simplicity, we consider negligible scalar couplings between the two
sectors and also neglect the scalar coupling contribution to right handed scalar dark matter.
By considering the interactions of ηL dark matter with SM Higgs and electroweak gauge
bosons, we calculate the relic abundance and show two different region of masses where it
can give rise to the total relic abundance. For ηR dark matter, we consider only the heavy
right handed gauge boson interactions and calculate its relic abundance for MWR = 3 TeV.
We also show their individual contributions to total dark matter abundance such that the
total relic abundance agrees with observations. The corresponding values of their masses
are also shown. We find that, even for such simplistic assumptions of couplings, we get a
wide region of parameter space that can give rise to the observed relic abundance. Allowing
any sizeable interactions between left and right sector dark matter candidates should open
up more region of parameter space. Since this involves a complicated calculation of coupled
Boltzmann equations for the two dark matter candidates, we leave this detailed study for
a future work. Such multi-particle dark matter can also give rise to interesting collider
phenomenology, as their individual production cross sections can be significantly enhanced
compared to single component dark matter scenarios. Another interesting future direction
could be the study of the origin of matter-antimatter asymmetry within such frameworks.
Since, the light neutrinos are predominantly Dirac, one can perhaps consider the possibility
of generating matter antimatter asymmetry of the Universe through Dirac leptogenesis
[100, 101]. These interesting possibilities are left for a future work.
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